A novel fabrication approach for two-and three-dimensional arrays of magnetic microspheres is presented in this paper. The magnetic microsphere is made from 47 mm size Al 2 O 3 spheres onto which a 2-3 mm thick nickel layer is coated through electroless plating. After proper anneal, the outer nickel layer is converted to exhibit a crystalline structure. As an example for utilizing such magnetic microspheres, a two-dimensional, anisotropically conductive matrix is made by transferring the magnetic microsphere array from a template to a transparent adhesive tape using a magnetic attractive force. In addition, a three-dimensional array has also successfully been constructed on a metal plate. The two-dimensional conductor array may be useful for high-density circuit packaging applications in the semiconductor industry, and the three-dimensional array may open up a possibility for constructing three-dimensional photonic crystals. and macroscopic simulation of magnetic materials and theoretical modeling of colloid. 6 The magnetic materials used in previous experiments are often of irregular shape, even though the theoretical modeling is based on spherical particles. The reason for this is due to the difficulty in fabrication of magnetic microsphere in such a small size. In this paper, a simple method for fabricating magnetic microspheres in the size range of 5 to 100 mm in diameter is introduced. In addition, the magnetization of the sphere can be easily controlled by adjusting the nickel thickness of the coating in the composite sphere. As an example, we have fabricated magnetic microspheres utilizing Al 2 O 3 spheres on which a 2-3 mm thick nickel layer is coated by electroless plating. Under proper annealing conditions, the coated nickel layer is made to have a crystalline structure. For potential applications of such magnetic microspheres, two-and three-dimensional microsphere arrays are built up on an adhesive tape and metal plate using a magnetic attractive force. This novel method, for example, the two-dimensional array structure, can be applied to fabricate an anisotropically conductive adhesive tape that may be useful for high-density electronic packaging devices. The three-dimensional matrix presented here provides a route for constructing photonic crystals with unique optical properties.
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The spherical core of magnetic microspheres used in our experiments was made from Al 2 O 3 powder (Fisher Scientific). The reason for choosing this material as the core is that it is easier for surface metal coating and is mechanically stronger than other alternative materials such as glass microspheres. First, the irregular-shaped Al 2 O 3 powder was sieved to select a size of about 45-60 mm. Then they were shaped into the microspheres using a high temperature spouting device. 7, 8 An electroless plating process was utilized for surface coating. 9 Before coating, the surfaces of the Al 2 O 3 spheres were roughened by diluted HF acid treatment for ten minutes. Five solutions were prepared using the nickel coating chemicals purchased from ENTHONE-OMI INC (Illinois). They are Enplate Promoter 846, Activator 850, Accelerator 860, Ni-426A and 426B. The coating process is detailed as the following sequence: 10 g Al 2 O 3 spheres were dispersed in the solution 846 for about 7 min, filtered, and then washed with distilled water. The washed particles were put into the 850 solution for 12 min. The particles were then filtered and washed in the solution 860 for 15 min. The rinsed and filtered particles were finally placed in the mixed solution of 426A and 426B which was maintained at 60 ± C followed by washing and drying. The thickness of nickel layer depends on the reaction time. Based on our experience, the color of microspheres varies from yellow to blue when the thickness of the outer nickel layer is increased. The calculated magnetization for individual microsphere m i can be controlled by adjusting the thickness of nickel layer, as expressed below:
where R and d are the radius of Al 2 O 3 and the thickness of nickel layer of microsphere (see Fig. 1 ), r 1 and r 2 express the densities of Al 2 O 3 and metal nickel, respectively, and m Ni is the magnetization of nickel (common value is about 57 emu͞g). In our experiment, the average thickness of nickel layer is 2 mm, and hence the magnetization for such sphere is calculated to be about 25 emu͞g. The well-coated spheres were no longer transparent and its color turned blue after annealing in a vacuum oven at a temperature of 400 ± C for 2 h. Figure 1 shows the magnetization versus the coated nickel thickness.
The inset of Fig. 1 shows the cross-sectional SEM image of the magnetic microsphere. The SEM sample was prepared by mixing the microspheres with an epoxy and then placing the mixture on a Si wafer. The SEM picture was taken after the epoxy hardened and the sample was polished. From the figure, we can observe that a uniform layer of nickel was coated onto the surface of the Al 2 O 3 sphere with the thickness of about 2 mm. In order to characterize the structure of the Ni layer, a crosssectional transmission electron microscopy study has been carried out. To prepare the TEM sample, thickness of the microsphere-epoxy composite was reduced to about 20 mm by mechanical polishing, followed by further thinning using Ar ion milling. The fabrication process for the anisotropic conductive tape is described below. A 4-inch (100) Si wafer was used to make the square pits patterned template material. First, the Si wafer was cleaned by the common Piranha process, on which 1000Å thermal oxide and LPCVD silicon nitride were grown, respectively. Then the commercial lithography technique was applied to form a patterned template image. RIE (reactive ion etching) with the gas mix ratio of CH 4 : O 2 5 : 1 was carried out for 5 min and the photoresist was striped off by acetone. After etching the square pits with KOH at a temperature 70 ± C for 5 h and striping off the nitride and oxide layer with HF, a template with 1 3 1 cm 2 area was obtained. Figure 3 shows a schematic cross-sectional diagram of the two-dimensional array formation. The array contains periodically arranged magnetic microspheres transplanted from the template to the transparent adhesive tape (3M tape). As can be seen from Fig. 3(a) , the template was first placed on an electromagnet. When the magnetic field from the electromagnet was turned on, the magnetic spheres were attracted and pulled down into the pits. A smooth wiper was then used to wipe away the excess spheres remaining on the flat portion of the template surface. A strip of adhesive tape was put on the template with the sticky side facing down. The . The magnetic microspheres were attracted toward to the tape and adhered to it as illustrated in Fig. 3(d). Figures 4(a) and 4(b) are SEM pictures showing the configurations before and after the magnetic microspheres were transplanted from the template to the adhesive tape. It is evident from Fig. 4(b) that all the magnetic spheres are arrayed in the x-y plane periodically and uniformly, with an intersphere spacing of about 100 mm.
The two-dimensionally arrayed tape can be useful as electronic or magnetic input devices by virtue of its anisotropically conductive and locally magnetic properties in combination with its flexible configuration. Application for write pads, magnetic sensors, and alarm devices may be considered. One can also imagine its application in electronic packaging by sandwiching the conducting sphere array between two conductive pads on circuit devices, where the coated metal layer is used as an interconnection medium.
As for the construction of a three-dimensional structure, at first on a piece of metal plate, the magnetic microsphere array was mounted using a binder to form a magnetic pole array. Under the applied magnetic field perpendicular to the plate, additional microspheres were attracted onto the magnetic poles. After slightly shaking, FIG. 4 . SEM photos taken (a) before and ( b) after the microspheres were transferred from the template to the tape. a three-dimensional structure (to be precise, a twodimensional array of chain-of-spheres) was constructed, which is shown in Fig. 5 . It should be pointed out that it was necessary to keep the number of microspheres per vertical chain to less than about 10 for stability of the structure. In addition, it is found that any significant disturbance, e.g., mechanical or magnetic, leads to the undesirable contact of the neighboring chains to form bridges. The usefulness of this particular structure is uncertain at the moment; however, one can imagine its use as an optically transparent, electrically conductive composite medium as described in Ref. 1 if the structure is filled with a polymer, such as an epoxy. Another potential application might be that this structure, by the corporation into a composite, could be used to construct three-dimensional photonic crystals which is currently one of the exciting science topics.
As a demonstration of unique materials behavior of this three-dimensional structure consisting of micro-spheres, an anisotropic dielectric property has been obtained in a sample made by mixing double-coated microspheres [the microspheres are coated with inner magnetic (Ni) and outer dielectric (SiO 2 ) layers, respectively] with liquid epoxy under magnetic field. The dielectric measurements were performed with a LCR meter (HP 4284A) in two directions (i.e., parallel or perpendicular to the magnetic field) as a function of the magnetic field intensity. As shown in Figs. 6(a) and 6(b) , both the real (e 0 ) and imaginary (e 00 ) parts of the dielectric constant vary as a function of applied magnetic field strength. In the figures, zz (or xx) indicates whether the test sample is parallel (or perpendicular) to the field direction. For the zz case, it is seen that both the real and imaginary parts of the dielectric constant increase monotonically as the magnetic field strength is increased from 0 to 2500 G, beyond which there is only a slight increase in the dielectric constant. By contrast, for the xx case, the real and imaginary parts of dielectric constant decrease when field strength is increased. When the epoxy is cured and hardened, an anisotropic dielectric medium is obtained.
We have successfully fabricated two-dimensional and three-dimensional arrays of magnetic microspheres using a novel processing technique. The twodimensional array of such microspheres can be useful for various device applications such as electric or magnetic input/output devices and high-density electronic packaging. The three-dimensional structure formed under magnetic field could be utilized as a basis for constructing various crystals with different spatial structures such as photonic crystals. A construction of a three-dimensional anisotropic dielectric medium has been demonstrated using such a microsphere assembly approach. 
